Material build-up on membrane surfaces is one of the vital challenges faced by Reverse Osmosis (RO) operations leading to many operational and maintenance issues. 
INTRODUCTION
Material build-up on the membrane surfaces is considered to be one of the most important challenges during normal Reverse Osmosis (RO) operations. Several operational issues arising from scaling and fouling include: increased membrane resistance, decreased permeate flow rate, increased energy requirement and decreased membrane life. These issues have been addressed by several researchers, in a limited way, by proposing better pre-treatment processes (Baker et al. 1997; Wilf and Klinko 1998; Wilf and Schierach 2001; Bonnelye et al. 2004) . However, there appears to be a need to change membrane or membrane secondary structures to alter the flow patterns associated with fluids within the membrane module. Schematic diagram of Spiral Wound Module (SWM), in partly unwounded state, has been presented earlier in one of our articles (Saeed et al. 2012) . In case of SWM a number of flat membrane sheets are glued together, in pair arrangement, on three sides forming a pocket and a permeate spacer is introduced between the membranes pocket. The fourth open end of the membrane pocket is connected to a common permeate collector tube. The membrane (Fritzmann et al. 2007; Peters 2010) . As a result of the design, alternating feed and permeate channels are developed. Feed enters through one side of the module and is forced through the membrane. Retentate leaves the module from the opposite side of the feed inlet whereas permeate is collected in the common permeate tube.
The net spacer in the feed channel not only keeps the membrane layers apart, hence providing passage for the flow, but also significantly affects the flow and concentration patterns in the feed channel. They are responsible for the pressure drop and creation of limited flow zones (dead zones) and promote mixing between the fluid bulk and fluid elements adjacent to the membrane surface. In other words, they are intended to keep the membranes clean by enhancing mass transfer and disrupting the solute concentration boundary layer. In the past several experimental and theoretical studies were carried out to shed light on these phenomena and to optimize spacer configuration (G. Chatterjee and Belfort 1986; Fárková 1991; Zimmerer and Kottke 1996; Geraldes et al. 2002a; b; Geraldes et al. 2003; Koutsou et al. 2009; Picioreanu et al. 2009 ). So it is quite understandable that the presence of these spacers promotes directional changes in the flow which reduces membrane fouling and concentration polarization. Hence the efficiency of a membrane module depends heavily on the efficacy of the spacers to increase mass transport away from the membrane surface into the fluid bulk by increasing shear rate at the membrane surface (Da Costa et al. 1991) . Since spiral wound membranes have tightly wrapped structures which cannot be opened easily for chemical cleaning or cannot be back flushed by operating in reverse direction, the fouling control methods for SWM are limited to hydrodynamics, pre-treatment of the feed and operational controls (Fane et al. 2000) . The fouling issues can be addressed to a large extent by varying the hydrodynamic conditions prevailing in spiral wound membrane. The feed spacers can be oriented to generate high cross flow velocities or secondary flow patterns which can develop higher scouring forces on the membrane surfaces to reduce fouling and concentration polarization. However, this approach will need higher pumping energy to compensate losses within the membrane module. Hence the feed spacers must be optimized to reduce the build-up on the membrane surface with moderate energy loss.
Our earlier work (Saeed et al. 2012 ) dealt with the impact of spacer filament orientation on hydrodynamics at fixed spacer mesh length. Although several modelling efforts dealt with the prediction of flow behaviour and concentration patterns for cross-flow membrane operations (Karode and Kumar 2001; Li et al. 2004; Ghidossi et al. 2006; Santos et al. 2006; Santos et al. 2007; Lau et al. 2009 ), the relative fouling propensities of top and bottom membrane surfaces are never addressed in any study. In view of this, an attempt has been made in the current study to predict the impact of fluid flow distribution on membrane wall shear stress and mass transfer coefficient by altering the filament mesh spacing utilising CFD tool. This detailed information from the numerical study is expected to provide insights into relative fouling propensities of two membrane surfaces for varying dimensionless spacer length.
GEOMETRIC PARAMETERS USED FOR SPACERS
In the present study channel height (h ch -sum of the top and bottom filament diameters or thicknesses) as shown in Fig. 1(a) is used to non-dimensionalize spacer geometric parameters. Channel height is kept as 1mm for all the simulations in this work for the sake of convenience. The non-dimensionalized filament spacing for both top and bottom filaments are represented by the following relation:
In the above expression l refers to the mesh spacing whereas L represents the dimensionless filament spacing for filaments respectively. For the ease of understanding, the nomenclature followed to define a specific spacer configuration is represented by SPL 1 L 2 . Where SP is used as an abbreviation for Spacer and L 1 & L 2 are the dimensionless top and bottom filament spacing. Table 1 represents the four different cases studied in this work. In all the cases, the flow is defined in x-direction (see Fig.   1 (a)) and the bottom and top filaments have same diameter and are oriented in transverse and axial directions to the main flow direction. Such type of spacer configuration is referred to as ladder type spacer arrangement.
Porosity And Hydraulic Diameter Of Spacer Filled Channel
Porosity of a spacer obstructed narrow channel can be defined by the following equation (Schock and Miquel 1987) : 
In the above equation fc S represents the wetted surface of the flat channel and sp S represents wetted surface of the spacer and h d represents the hydraulic diameter.
MODELLING APPROACH Computational Domain And Boundary Conditions
The geometry of the spacer filled channel is of repeating nature and comprises of a large number of cells. There is a periodic variation in the cross section of such spacer filled channel. Fig. 2 shows the schematic of feed channel spacer and selected computational domain including 1-6 bottom filaments. Flow entering through one cell in the feed channel is identical to the flow entering the next adjacent cell in the span wise direction (y-direction in Fig. 1(a) ). Moreover, in the flow direction there is translational periodicity i.e. along the flow direction (x-direction) the flow patterns repeat itself after periodic intervals. It has been shown in our previous study (Saeed et al. 2012 ) that entrance effects are eliminated after few filaments (3-4) and the flow becomes fully developed after few filaments in the flow direction. Translational periodic boundary conditions are implemented at the two faces perpendicular to the flow direction restricting the computational domain to only six bottom filaments and one top filament. In order to eliminate the exit effects sufficient exit length is provided to avoid the interference of the • The two opposite vertical faces perpendicular to the flow direction (x-direction) are defined as mass flow inlet and pressure outlet. Mass flow rate is specified in flow direction (x-direction) and varied to obtain the desired hydraulic Reynolds number (Re h ).
The solute mass fraction at the inlet of the computational domain is set to zero.
• The working fluid is assumed to be a binary mixture of water and monovalent salt, such as sodium chloride having a mass diffusivity (D) of 1.54 x 10 -9 m 2 /s (Capobianchi et al. 1998 and solute diffusivity (1.54 x 10 -9 m 2 /s).
• Translational periodic boundary conditions are defined for the two vertical surfaces parallel to top filaments and the filament surfaces are defined as walls.
• Both top and bottom membrane surfaces are assumed to be impermeable walls and no slip conditions are assigned to them.
• Constant higher value of solute mass fraction is defined at both the membrane walls. In all the simulations the solute mass fraction at the walls were assigned a value of 1, whereas the mass fraction of the solute is defined as zero at the inlet of the computational domain. Since cross flow filtration processes tend to recover only 10 to 15 % of the feed as product and also have large surface area, therefore large surface area coupled with low recovery rates yields very low permeation velocities compared to feed Hydraulic Reynolds number is used in the present study to compare results of different spacer arrangements and it is defined by the following equation (Schock and Miquel 1987) :
In the above equation eff h u , d and υ represents the effective velocity (or average) in the computational domain, hydraulic diameter of the channel and kinematic viscosity respectively. The effective velocity is calculated at a particular hydraulic Reynolds number and then used to calculate mass flow rate at the inlet of computational domain.
For spacer filled narrow channels, Sherwood number (Sh) using the hydraulic diameter of the channel is defined by the following equation:
In the above relation D and av k represents the mass diffusivity and average mass transfer coefficient for the two membrane surfaces. Geraldes et al. (Geraldes et al. 2002b ). Following equation is employed for the calculation of friction factor (Geraldes et al. 2002b ):
In the above expressions, L c and P ∆ are the channel length and pressure drop over the channel respectively, whereas ρ is the density. Considering the degree of accuracy of the results needed, computational time required and available computational resources a grid size of 716,880 was chosen as an adequate grid size for SP22. Similarly adequate grid sizes for different spacer arrangement were determined to ensure the solution is grid independent. For instance approximately 1.6 and 6 Million cells were found to be sufficient for spacers SP33 and SP66 respectively.
Governing Equations, Solution Methods And Convergence Criteria
Continuity, three momentum equations (x, y and z momentum) and concentration equations are the five governing equations (Navier-Stokes equations) which are represented below for steady, laminar and incompressible flow in three-dimensional form (Bird et al. 1960) :
ANSYS FLUENT is used to solve the governing equations and pressure based segregated solver is employed for the solution. QUICK (Quadratic Upstream Interpolation for Convective Kinetics) scheme is used for discretising momentum equations, whereas SIMPLEC (Semi-Implicit Method for Pressure linked Equations, Consistent) algorithm is 
Incorporation Of Mass Transfer Coefficient Into The Model
In case of spacer filled narrow channels having impermeable membrane walls, the local and average mass transfer coefficients can be defined respectively by the following equations (Kang and Chang 1982; Fletcher et al. 1985) : 
represents mass fraction of the solute at the membrane wall, mass fraction of solute in the bulk and gradient of mass fraction at the membrane wall respectively. The terms A and i A represents the membrane surface area and face area of any computational cell respectively. The above mentioned pair of equations is used often by researchers, simulating mass transport of solute for impermeable membrane walls scenarios, for CFD simulations (Kang and Chang 1982; Fletcher et al. 1985) . Mass transport equation is incorporated in our numerical model by means of a user defined function.
Selected Domain Representative Of SWM Module
As described earlier the computational domain for all spacer arrangements considered in this study consists of six bottom filaments and one top filament to provide sufficient entrance region to make sure that the flow and the concentration patterns are stabilized within the computational domain before the exit ( Fig. 1(a) ). Sufficient exit length is incorporated in the computational domain to eliminate any exit effects that may impact the upstream flow and concentration patterns.
In order to investigate which part of the flow domain is true representative of the whole SWM, top and bottom wall shear stresses and mass transfer coefficients are plotted along flow direction on bottom and top membrane walls (along lines A and B respectively) as shown in Fig. 2 In real life, there are thousands of filaments present at the feed side channel of a spiral wound membrane module and the first two filaments of the selected computational domain cannot be the true representation for an entire real life membrane module ( Fig.   1(a) ). Similarly, the region between the last bottom filament and the exit do not represent the actual mass transfer and shear stress variations in the major portion of a spiral wound module. However, in the region between 5 th and 6 th bottom filament the flow and concentration patterns are fully developed and are identical to the patterns developed in the region between 4 th and 5 th bottom filament. Hence, it can be concluded that the region between the 5 th and 6 th bottom filament may be selected as true representative of the flow and concentration patterns prevailing in the major portion of a real life spiral wound membrane module (see Fig. 1(b) ).
Selection of the region between the 5 th and 6 th bottom filament is further strengthened by the comparisons of contours of mass transfer coefficient and wall shear stress for the region between 4 th and 5 th and 5 th and 6 th bottom filament. In The third region where the mass transfer coefficient curve shows local peak despite minimum value of local wall shear stress resides somewhere in the middle of the two bottom transverse filaments. It can be seen from Fig. 5 (a) , that particular region corresponds to the zone where the fluid reattaches itself to the bottom membrane surface and undergoes strong directional changes leading to enhanced local mass transfer coefficient despite very low local velocity and wall shear stress. It can be concluded from Table 1 ). It is quite evident that spacers having L < 3 (SP22 and SP33)
show only flow reversal and when it is increased to 4 and above (SP44 and SP66) both Furthermore, it has been observed that the dimensionless bottom filament mesh length (L 2 ) has an important role to define the flow patterns near the bottom membrane surface.
Upon investigating different spacers it is concluded that when L 2 is up to 3, the flow after colliding the downstream transverse bottom filament reverses its direction and region of the spacers having L 2 > 3 which is line with our previous study (Saeed et al. 2012 ) and other modelling studies (Shakaib et al. 2007; involving flow through spacer obstructed narrow feed channels when the top and bottom feed channel side spacers are oriented in axial and transverse direction to the main flow.
The impact of altering filament spacing on area weighted mass transfer coefficient and shear stress on the two walls along with pressure drop for various spacers studied are presented in Fig. 7 (a &b) and the results are summarised in Table 2 . It can be seen from Table 2 that for narrow channels obstructed by ladder type spacers, linear pressure drop declines with an increase in filament mesh spacing. Shear stress values are always higher for the top membrane surface and the ratio of the two wall shear stresses tend to decline with an increase in the filament mesh spacing. However, the ratio of top and bottom mass transfer coefficients shows a different trend. The ratio is approximately unity for low to moderate filament spacing and declines sharply for the spacers having higher filament spacing (see Table 2 ).
It can be observed from Fig. 7 (b) that although pressure drop for SP66 is lower compared to SP44, but the difference in mass transfer coefficient for the two membrane walls is significant indicating a varying fouling tendency for the two membrane surfaces and certainly not desirable for membrane operations. It can be seen that the top and bottom wall shear stress differ significantly for each type of spacer arrangement ( Fig.11 (a)). However, the values for mass transfer coefficient are almost the same for the spacers having low to moderate dimensionless filament spacing (SP22, SP33 and SP44). With a further increase in filament mesh spacing (SP66) although the values for top and bottom wall shear stresses tend to get closer (see Table 2 ) but the resulting impact on the mass transfer coefficient is not desirable, as this could lead to significant drop in top wall mass transfer coefficient resulting in quick fouling of the top membrane wall.
VALIDATION OF CURRENT MODEL
For validation of the current model used in this work, results for some spacer configurations are compared with some previous experimental and numerical studies for selected dimensionless parameters such as friction factor (f) and Sherwood number (Sh) which reflects the flow and mass transport phenomena through membrane systems. The details of model validation are discussed below.
Friction Factor (F)
Friction factor values calculated for SP22, SP44 and SP66 by equation 5 are compared with experimental and numerical values presented by Geraldes et al. (Geraldes et al. 2002b ) for spacer configuration termed as S1, S2 and S3 respectively in their work having transverse dimensionless filament spacings of 1.9, 3.8 and 5.7. The comparison shown in Fig. 8(a) reveals that the friction factor values obtained from the present numerical study is in excellent agreement (within 4% deviation) with those obtained experimentally and numerically by Geraldes et al. (Geraldes et al. 2002b ). Although the wall shear stress at the top membrane surface is always higher (3 to 8 times for the spacer arrangements considered in the study) than that for bottom wall, but interestingly the mass transfer coefficient values for the two walls are not significantly different for the ladder type spacer arrangement having low to moderate filament spacing (SP22, SP33 and SP44). However, when the filament spacing is further increased (SP66),
Sherwood Number (Sh)
there is a sharp decline in the pressure drop but the area weighted mass transfer coefficient for the top membrane wall showed a sharp reduction compared to the bottom membrane wall suggesting high fouling propensity of the top membrane wall which is not a desirable feature in membrane operations. Among the four cases studied, SP44 with dimensionless filament spacing of 4 is found to be the best spacer arrangement yielding moderate pressure drop with nearly equal and higher area weighted values of mass transfer coefficient for the two walls and would lead to lower and equal fouling tendency for top and bottom membrane surfaces. The results emanated out of the current study are considered to be of significant value and could potentially lead to the development of efficient membrane modules with optimum spacer arrangements for RO operations. 
